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Abstract

In order to design and fabricate a planar zeolite model system which can be used for high-throughput
screening of catalytic tests, the development of a micropatterned ZSM-5 thin film has been explored.
Several techniques have been investigated including the spin-coating of an acidic colloidal solution
followed by hydrothermal synthesis of SBA-15 and recrystallization to ZSM-5, direct-dipping
hydrothermal synthesis of silicalite-1 & ZSM-5, spin-coating of alkaline and neutral solutions followed
by steam-assisted crystallization into silicalite-1 & ZSM-5 and microinjection followed by steam-
assisted crystallization into silicalite-1. Synthesized model systems have been analysed with optical
microscopy, scanning electron microscopy, atomic force microscopy and X-ray diffraction. Direct-
dipping hydrothermal synthesis has led to a micropatterned MFI zeolite thin film model system and
microinjection has led to the highest control over the composition of zeolite micropatterns.
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Chapter 1 - Introduction

In modern day society, the rapid expansion and development of the human race is
requiring more resources every day.! This increased energy consumption has put extra
pressure on the energy generation which is still heavily provided by burning of depleting
fossil fuels.? This upcoming necessity for energy production combined with the increasing
realization of the importance of reducing global emission of greenhouse gasses, has
concentrated attention towards developing renewable energy sources as well as improving
existing processes.3

1.1 Catalysis

One of the essential components in almost all industrial processes is the catalyst. Catalysis
is a process used in both biological and industrial chemical reactions and is known to
increase the reaction rate by lowering the activation energy.* This is achieved by offering
an alternative reaction pathway of lower energy. Since catalysts are usually not consumed
during their reaction but rather regenerated and able to catalyse another cycle, only little
quantities can be used. There are different types of catalysts which can generally be divided
in two classes: homogeneous catalysts and heterogeneous catalyst.® Homogeneous
catalysts operate in the same reaction phase as the reagents and products whereas
heterogeneous catalysts occupy a different phase. Heterogeneous catalysis often operate
in solid phase while the reactants are liquid or vapour. One class of heterogeneous catalysts
which is often used in many industrial processes such as cracking and processing crude oil
is named zeolites.

N

Figure 1: Commercial zeolite pellets with spherical and cylindrical shapes. ©



1.1.1 Zeolites

Zeolites are a group of microporous minerals that mainly consist of silicon, aluminium,
oxygen and a wide variety of cations. These materials consist of distinct building blocks
combined and aligned in arrays creating unique morphologies. The primary building units
(PBU) of zeolites are the silica tetrahedra (SiO4/2) and alumina tetrahedra (AlO4/2). Bridging
of PBU by oxygen atoms forms the secondary build units (SBA) which can in turn be
combined and linked by oxygen to form the different zeolite framework types.”

Zeolites are solid catalysts that possess a high internal surface area due to the microporous
framework, typically ranging from 500 to 800 m?/g.8 This high surface area allows for a
high quantity of gases or liquids to chemisorb onto its surface and subsequently undergo
reaction. An important feature of zeolites is their microporosity which gives them a high
selectivity towards a number of reactions for several reasons. Firstly, zeolites operate as
molecular sieves and selectively sort molecules based on their size and shape. By allowing
certain reagents to enter their porous structure, allowing certain products to leave or
allowing particular transition-states to form, zeolites are able to catalyse reactions with
high selectivity and efficiency. °1° Additionally, zeolites can be used to adsorb or filter
cations in aqueous systems. This selectivity is based on the distribution and amount of
negative charge density in the zeolite framework. 1

Besides, their robust stability under harsh conditions makes them perfect candidates for
industrial processes.'? A downside of their rigid, regular structure of molecular dimensions
is that large molecules formed inside the pores might not be able to leave the zeolite which
leads to clogging of the pores and rendering it inactive. This problem is referred to as coke
formation and can be solved by burning off the formed organic species and thus
regenerating the zeolite. Regeneration of the zeolite is an important part of the fluid
catalytic cracking process (FCC); a process in which high-molecular weight crude oil
fractions are converted into lighter, petroleum hydrocarbons. 13

1.1.2 Zeolite Socony Mobile-5

One kind of zeolite which has received a lot of scientific interest due to its many applications
is the Zeolite Socony Mobile-5, ZSM-5, which has been patented in 1975 by Mobil Oil
company. ZSM-5 is a synthetic zeolite which possesses the MFI framework, referring to its
name. Similar to other zeolites, its primary structural unit is a neutral silica or negatively
charged alumina tetrahedron, as shown in figure 2. These tetrahedra combine to form
pentasil units which are connected by oxygen bridges to form pentasil chains. On each of
the intersection points of the pentasil unit there is either a silicon or aluminium cation.
Likewise, these chains are interconnected by oxygen bridges forming sheets with 10-ring
holes, creating straight, parallel 10-ring channels. Perpendicular to these sheets, 10-ring
sinusoidal channels are formed. Both channels as well as the intersection cavity between
them play a role in catalysis and adsorption. 4

One widely researched process is the methanol-to-olefins process in which ZSM-5 is used
to catalyse the conversion of green fuels into hydrocarbons.
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Figure 2: Schematic representation of different building blocks of zeolite ZSM-5 14

1.2 Model system

Fundamental research is required to fully understand the chemistry behind catalysts down
to the (sub)-nanometre regime. Not only is this research essential to develop catalysts
with higher activity but also to reduce waste, costs and its negative impact on the
environment. One important tool which is used in this field of research and understanding
the chemistry at molecular level is through the use of model systems.

These model systems can simplify, approximate or investigate natural phenomena or
existing scientific models. In chemistry and in particular in catalysis, model systems can
range from describing the riser and regenerator reactors of the aforementioned industrial
FCC units !> to single crystal analysis or even smaller investigating nanoparticle clusters.'®

1.2.1 Thin film model system

One model system which has shown promising applications is the thin film model. In zeolite
thin films, chemical processes such as diffusion or catalysis inside single zeolite channels
can be studied. Through control of zeolite growth stage during the synthesis, highly
oriented zeolite films such as b-oriented ZSM-5 films can be synthesized with accessibility
to only straight zeolite channels.!” Studies investigating the catalytic mechanism in single
pore orientation zeolite films can be compared to bulk studies leading to chemical
understanding on a molecular level. Additionally, thin films can be investigated using more
sophisticated and advanced characterization techniques, as opposed to bulk catalyst or
supported catalyst particles. Examples of these techniques include atomic force microscope
infrared-microscopy (AFM-IR) 8, tip-enhanced Raman spectroscopy (TERS)!°, grazing
incidence characterization techniques like grazing incidence X-ray diffraction (GI-XRD)?° or
photoinduced force microscopy enabling nanoscale infrared imaging of e.g. ZSM-5. 2!

Similar to zeolites in powder form, zeolite films exhibit excellent thermal, mechanical and
thermal stability as well as a unique pore morphology.?? Moreover, thin film models are
used to design thin films which can be applied in electrochemistry, as a coating or in
separation processes.?® For example as a membrane in the separation of oil and water,
which has become an increasingly important issue with the upcoming interest in
environmental protection.?*



An important feature of a high quality thin film is its high uniformity of thickness and
composition of the film. However, this well-ordered homogeneity does not allow for variety
within a model system and that is why the micropatterned film model system has been
explored.

1.2.2 Micropatterned film model system

The micropatterned model system is similar to the thin film model since a thin layer of
material is attached onto a substrate but instead of one homogenous layer covering the
entirety of the substrate, microscopically small, separate areas of zeolite material are
attached to the substrate (figure 3). The major advantage of these separate ‘islands’ of
material is the ability to alter the composition of areas or distinct islands. Besides, if the
wettability of the zeolite is controlled and tuneable, hemispherical zeolite particles can be
synthesized simulating particle morphology in industry. 25
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Figure 3: SEM image of micropatterned zeolite on glass 26

This enables several promising experiments such as high-throughput screening (HTS); an
important technique in modern drug discovery research.?’” HTS assays enable testing of a
large amount of samples or analytes for chemical substances in one screening, usually with
the help of robotics. In the field of catalysis, HTS can be applied when using a fluorescence-
based assay in which successful binding of organic molecules leads to a visibly colour
chance indicating catalytic activity or potential. 28

High throughput screening of catalytic tests will require a high-throughput synthesis of
micropatterned zeolite films to unlock the full potential of the model system. One possible
method is the use of printing of zeolite material, such as H-ZSM-5, onto a substrate.?® For
the micropatterning, an inkjet printer which uses zeolite as filler can be applied and
different areas with different zeolite precursor solution can be applied onto the same
substrate. This allows for promising comparative studies in which one substrate is
micropatterned with zeolite areas of different composition and takes place in an e.q.
catalytic reaction. All reaction conditions and parameters remain constant except for one
parameter which is subject to being tested. This micropatterned thin film model system
offers a promising application compared with the thin film model system. Liu et al. have
designed a high-throughput generation of mesoporous metal oxides libraries using inkjet



printing (figure 4).3° Colloidal nanoparticles ink (A) is used for printing followed by fast
catalyst exploration (B).
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Figure 4: Schematic representation of inkjet printing used to fabricate catalyst libraries 30
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1.3 Research aim

In order to explore these promising applications, the fabrication of such a model system
needs to be realised. There is a number of important factors to take into account such as
the choice of the substrate and the role of the substrate itself during the growth of a zeolite
micropatterned film. Moreover, the crystal growth of ZSM-5 itself needs to be understood
and controlled so that a micropatterned model system is fabricated instead of a thin film
model system. Finally, the different methods of altering the composition of separate areas
of zeolite material must be explored.

These aims can be combined into the research aim of this study which is the following:

To develop an understanding of the formation processes during the synthesis of a ZSM-5
micropatterned model system.



Chapter 2 - Theory

In this research, several approaches to synthesize a micropatterned zeolite model system
have been explored. These approaches involve a number of chemical and physical
processes important to either the zeolite synthesis or substrate preparation, which are
discussed below.

2.1 Zeolite acidity

As mentioned in section 1.1.2, the primary building units of zeolite ZSM-5 consist of silica
and alumina tetrahedra (figure 5). These tetrahedra consist of silicon (Si4*) or aluminium
(AI3T) tetrahedrally bonded to four oxygen (0?°) ions. Since each framework oxygen is bond
to two framework metals, the charge is shared resulting in the molecular formula of neutral
[Si042]° = SiO2 and negatively charged [AlO4/2]'= [AlO2]" for the silica and alumina
tetrahedra, respectively. 3!
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Figure 5: Silica and alumina tetrahedra3!

In both natural and synthetic silicate minerals, the silica tetrahedra are linked together
through sharing an oxygen ion resulting in a variety of arrangements (figure 6).
0
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Figure 6: Tetrahedral arrangement of Si-O & Al-O bonding 3!

Since the alumina tetrahedron possesses a different charge than the silica tetrahedron,
substitution of silica by alumina results in a net negative charge on the zeolite framework
which needs to be compensated by extra-framework cations. This substitution gives rise
to Brgnsted acidity since protons can act as these cations which in turn can participate in
acid-catalytic reactions such as methanol-to-hydrocarbons (figure 7).
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Figure 7: Schematic formation of a Brgnsted acid site by Si/Al substitution and a proton counter ion 32

The strength of these Brgnsted acid sites depends on the next-nearest neighbour
aluminium, it decreases with other nearby Brgnsted acid sites. This is influenced by
framework aluminium ions and thus the Si/Al ratio of the zeolite. The increased local
population of protons weakens the acidity of each individual acid site while the total zeolite
acidity increases.

Lewis acidity may also be present due to aluminium present outside the framework of the
zeolite; for example as alumina dispersed in the pore structure or on the exterior of the
zeolite crystal. Nonetheless, zeolite have Lewis acid site that are generally weaker than
their Brgnsted acid sites. 33

2.2 Zeolite nucleation & crystal growth

The synthesis of zeolites is based on two processes which occur both simultaneously &
sequentially: nucleation & growth.

Nucleation of zeolites is defined as the formation of a crystal from a solution or in a vapour.
This is often accompanied by supersaturation of its building blocks (homogeneous) or
catalysed by addition of external material (heterogeneous, seeding). Usually, as is the case
for ZSM-5, nucleation is preceded by growth of amorphous precursor particles which are
converted into crystalline material.?* Even though zeolite crystallization can also be
initiated by conversion of colloidal suspensions (section 2.2.1)3%

Subsequent growth processes involve assimilation of monomers from the solution.3® In
addition, agglomeration of nanoparticles with crystal surfaces can also lead to chemical
bonding. 37

2.2.1 Sol-gel process

One method of converting small, silica containing molecules into large, periodically
organized zeolite materials involves the sol-gel process.32 This technique consists of several
steps starting with the hydrolysis and polycondensation of organometallic precursors such
as silicon alkoxides [Si(OR)3]. Initial rapid hydrolysis leads to the formation of a colloidal
solution, ‘sol’, in which both solid phase and liquid phase precursor particles are present.
Simultaneous polycondensation of hydrolysed species leads to the formation of an
interconnected 3-D network resulting in a silica gel consisting of bond silicon alkoxides.
Subsequent gelation and drying leads to the final amorphous compound which can be
crystallized into zeolites.

The initial hydrolysis step occurs through formation of a penta-coordinated intermediate.
This reaction can be catalysed both by acid (pH<2) or base. Under acidic conditions (figure

11



8), initial protonation of the silica alkoxides withdraws electron density from the silicon
atom, making it more susceptible to attack by nucleophilic water. After attack by water
from the rear, a transition state of Sn2-type character is created resulting in the decreased
positive charge on the protonated alkoxide and subsequent release of the alcohol. 3940

- +
(I:)H d fast ?R + H\”Fl,o\ :QH -FigH ?H
RO—Si—OR + H* HO—Sli—(l)—Fi P "Sli';"'?—ﬁ HO—SIi—OFi
H
c|>n Heo -~ Or H OR H OR

\

Figure 8: Schematic diagram of hydrolysis of a silicon alkoxide.3® Where R is an alkyl chain.

Under alkaline conditions (figure 9), nucleophilic attack of hydroxide ions on the rear of
the silicon atom leads to a transition state of Sn2-type character followed by the release
of the alcohol. Under basic conditions, hydrolysis is the rate-determining step while under
acidic conditions, condensation is the rate-determining step.
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Figure 9: Schematic diagram of hydrolysis of a silicon alkoxide under alkaline conditions.3® Where R is
an alkyl chain.

Hydrolysis is quickly followed by condensation resulting in the formation of a gel network
silicon alkoxides bond by siloxane bonds (Si-O-Si). Condensation takes place by either
alcohol or water elimination and can both be acid catalysed (figure 10) or base catalysed
(figure 11).
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Figure 10: Schematic diagram of condensation of a silicon alkoxide under acidic conditions.3°
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Figure 11: Schematic diagram of condensation of a silicon alkoxide under alkaline conditions.3° Where
R is an alkyl chain.
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Both acid and base catalysed hydrolysis and condensation are used in the synthesis of
siliceous materials and zeolites and each result in specific properties. Acid catalysed
hydrolysis and condensation generally leads to a low degree of interconnection in the 3D
silica network results in the formation of microporous structures. A potential explanation
for this is the high rate of hydrolysis compared to condensation.

In base catalysed hydrolysis and condensation, larger uniform silica particles are formed
leading to a broader distribution of large pores.*! The pore dimensions and distribution can
be readily tailored by introducing an organic surfactant as structure directing agent (SDA)
into the colloidal solution enabling synthesis of both microporous and mesoporous
structures. Factors such as the type of SDA, supplementary chemicals and synthesis
conditions play a role in tuning the morphology. +?

2.2.2 SBA-15 synthesis

An example of using an organic SDA to synthesize mesoporous silica using the sol-gel
process is the synthesis of zeolite Santa Barbara Amorphous-15 (SBA-15). Among all
mesoporous silica materials, SBA-15 is the most intensively studied because of its
remarkable characteristics like its high surface area and pore volume, high thermal stability
and straight cylindrical pores rendering it as a promising zeolite or support material. 43 In
the synthesis of SBA-15, a triblock copolymer named pluronic P123 (M = 5800 g/mol) is
used to obtain the hexagonal morphology. In acidic medium (pH =1), P123 molecules exist
as micelles which interact with protonated silicate species originating from dissolved
tetraethyl orthosilicate (TEOS). This interaction leads to cooperative supramolecular self-
assembly which results in a 2-D array of long 1-D cylindrical pores. After calcination, the
template is burned off and a mesoporous silicate zeolite is formed (figure 12).444> SBA-15
can in turn be converted into microporous ZSM-5 through impregnation with an aqueous
solution of another SDA called tetrapropylammonium hydroxide (TPAOH) and an aluminium
source.*®

%%
$ —— 3
‘....
surfactant . \
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<
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Figure 12: Schematic diagram of formation of SBA-15 using P123 as template.*”
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2.3 Substrate preparation

Silicon based substrates have found many promising applications as membranes, biological
sensors, memory chips, micro- and opto-electronic devices.4’*® However, in order to be
applied in the synthesis of a model system, the substrate needs to be cleaned and prepared
accordingly. Moreover, the substrate needs to be susceptible to micropatterning in order
to synthesize a micropatterned thin film model.

2.3.1 Micropatterning

Under ambient conditions, elemental silicon is not inert but rather reacts with oxygen
present in air to form silica, in a similar manner to many other metals and metalloids.
However, the growth of this native silica layer is restricted to a maximum thickness of = 2
nm.*° Additionally, this hydrophobic layer of silica contains a layer of hydrophilic surface
silanol groups (=Si-OH) which act as dominant sites for analyte interactions and
adsorption.>°

The concentration of surface silanol groups and the distribution of different silanol groups
is dependent on the impurities and synthesis methods of the substrate (figure 13).
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Figure 13: Schematic diagram of different silanol groups present on silicon based substrates 50

An important characteristic of a model system is its reproducibility and surface
homogeneity. Therefore, the substrate needs to be pre-treated to obtain a regular and
reproducible pattern of surface groups before zeolite synthesis. This treatment consist of
several cleaning steps followed by hydroxylation creating an even distribution of
hydrophilic surface silanol groups which are prone to reaction with zeolite precursor
solutions. After this procedure, the substrate is available for application of a thin film but
not yet for application of a micropatterned thin film.

One method of preparing substrates for micropatterning involves the application of a
hydrophobic organic layer onto the hydroxylated surface of Si, SiO2 or SizN4 wafers. This
is realized through silanization of a CHs-terminated alkylsilane, like octadecyl-
trichlorosilane (ODTS, CisH37CIsSi). Silanization is based on the adsorption followed by the
self-assembly and covalent binding of alkylsilanes onto the silicon based surface. As a
result, a self-assembled monolayer (SAM) is formed which exhibits hydrophobic character
due to its long 18 carbon backbone in the case of ODTS. Afterwards, this organic layer can
be partially removed creating a pattern of hydrophobic and hydrophilic areas. >!

14



Since siliceous zeolite precursors are hydrophilic in nature, they prefer bonding to the
hydrophilic areas instead of the stable SAM which ultimately results in a patterned model
system (figure 14). 52

2.3.2 UV ozone treatment

One facile method of partially removing the organic ODTS chain of the monolayer attached
to the Si <100> based surface is via UV ozone treatment. UV ozone treatment is used for
surface cleaning and surface treatment of substrates. A low pressure mercury vapour
discharge lamp creates high intensity UV light which leads to the generation of ozone from
molecular oxygen present in air.>3 More specifically, a dominant emission peak at 185 nm
dissociates oxygen leading to the formation of two radicals of oxygen which undergo further
reaction forming ozone molecules. Simultaneously, another dominant emission peak at
254 nm excites organic contaminants and species on the surface of the substrate which
increases their reactivity with ozone. Upon reaction, volatile compounds are formed which
evaporate leading to near-atomically clean surfaces which means that almost all organic
contaminants have been removed. By selectively protecting the substrate of the UV ozone
treatment, areas coated with the hydrophobic monolayer remain untouched and a pattern
is created of hydrophilic reactive silanol groups and hydrophobic ODTS carbon chains.
Protection can be achieved by using a copper grid with squared or circular holes of 40 um
(figure 14, C).
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Figure 14: Schematic diagram of substrate preparation. A (coated) Si substrate is hydroxylated (a to
b) followed by bonding of a hydrophobic ODTS monolayer (b to c). Micropattern of hydrophilic and
hydrophobic regions is created by selectively burning organic chain using UV/ozone and a protecting

copper grid. 15



2.3.2 Spin-coating

In the field of synthesizing thin films, a large variety of techniques have been examined,
each with their own advantages and downside. For zeolite thin film synthesis based on
colloidal solutions, methods include electrocoating, spray-coating, dip-coating and spin-
coating.

In electrocoating, charged particles are deposited onto a conductive substrate by regulating
the amount of voltage applied. It allows for the coating of structures with complex shapes,
for example when used as corrosion inhibitor. >*

In spray-coating, a sol-gel precursor solution is directly sprayed onto the substrate.
Advantages of spray-coating techniques include its ability for large-area deposition and
ability to spray substrates with complex shapes. >°

Dip-coating is a convenient and easy method in which the substrate is immersed in the
colloidal solution. Unfortunately, the coated layer is not always homogenous and the shape
of the substrate needs to be flat in order to remove excess material through nip rolls. 36

Another facile method is spin-coating which involves the deposition of the colloidal solution
onto a spinning substrate resulting in a thin film. After deposition of the colloidal solution,
the substrate is accelerated leading to radial spreading of the solution due to centrifugal
force. When the substrate has reached a constant speed, the balance between the
centrifugal and the friction caused by the viscosity of the solution and its affinity with the
substrate leads to a homogenous spread on the substrate. Additionally, the solvent is
evaporated during spinning resulting in gelation of the silica solution.>?

The characteristics of the film can be controlled by altering the spin-coating conditions,
such as the rotation speed, acceleration, duration and composition of the spin-coated
solution. Generally, a higher rotation speed and duration lead to thinner films due to higher
(total) centrifugal forces and longer period of solvent evaporation. Additionally, viscous
solutions result in thicker films which is related to the concentration of precursors in the
solution. > When the concentration is low, a lot of solvent is present which evaporates
readily resulting in thin films. When synthesizing micro-patterned films, the affinity
between the solvent and the surface groups becomes more relevant and influences the
degree of spin-coating. This is the area of the substrate that consists of well defined,
individual regions of precursor material (referred to as islands) with respect to the total
substrate area. A substrate with a large amount of distinguishable islands is considered to
have a high quality of patterning.

A B C

Figure 15: Schematic diagram of spin-coating. Solution deposition (A) is ToOlIOW
rotational spreading (B) and solvent evaporation (C)
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Chapter 3 — Experimental

During the optimization of the model system of micropatterned zeolite thin films, a variety
of fabrication methods have been explored and subsequently compared. These model
systems have been characterized with a number of analysis techniques.

3.1 Model synthesis

The different fabrication methods which have been explored, exhibit similarities and
differences amongst each other. On the one hand, all methods use similar substrate
preparation and transformation of the as-synthesized patterned zeolite into active H-ZSM-
5 phase through ion-exchange and calcination. On the other hand, the used methods differ
in the way the ZSM-5 precursor is applied to the substrate.

All methods consist of the following few steps. First, a substrate is prepared for patterning
after which a zeolite precursor solution is applied onto the surface. Then, the attached
zeolite precursor is converted into zeolite through a hydrothermal step. This is followed by
cleaning and calcining the as-synthesized micropatterned zeolite films to remove organic
template. Finally, ion exchange is performed followed by calcination to transform the Na-
ZSM-5 into H-ZSM-5.

Synthesis gels has been prepared in glass vials (for acidic solutions) and polypropylene
tubes (for alkaline solutions) through stirring with Teflon coated magnetic stirring bars.
Stirring bars have been cleaned through immersion in a mixture of nitric acid and
hydrochloric acid (1:3 molar ratio) overnight.

3.2 Substrate preparation

A number of different substrates have been used and tested in the different methods to
fabricate a ZSM-5 model system.

3.2.1 Substrate choice

Table 1 displays an overview of the properties of the different substrates. Silicon based
substrates are not inert during crystallization of zeolite precursor but actually take place in
the reaction. Silicon groups from the surface can dissolve and form crystalline nuclei which
form the basis for further crystal growth.

Table 1: Substrates used for micropatterned model synthesis

Substrate Properties

Si, Siegertwafer Thickness: 525 um, <100> orientation

Si coated with SisN4, Siegertwafer Thickness: 525 pm + 100 nm SisN4, <100>
orientation

Si coated with SiO2, Siegertwafer Thickness: 525 ym + 100 nm (wet) SiOg,
<100> orientation

Borosilicate glass
CaF2
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First, the silicon based substrates were cut into squared 5 mm by 5 mm wafers using a
diamond scriber. Then the surface was cleaned in a number of steps: nitrogen flow was
used to blow off solid particles followed by washing in a solution of ethanol (96%, Sigma-
Aldrich), acetone (97%, Sigma-Aldrich), and demineralized water (EtOH:Ace:H20 = 1:1:1
volume ratio) in an ultrasonic bath for 15 minutes to remove of organic impurities of the
surface. Next, the wafers were cleaned in demineralized water in an ultrasonic bath for 15
minutes to remove the solvents used in the previous cleaning step.

Afterwards, the surface was hydroxylated by heating to =333 K for 30 minutes in a mixture
of hydrogen peroxide (30w% in water), ammonia (37w% in water) and demineralized
water (H202: NH3:H20 = 1:1:5 volume ratio). This was followed by washing with
demineralized water at =373 K for 30 minutes.>® This step a fully, homogenously
hydroxylated surface which is ready for subsequent modification steps to enable
micropatterning of the surface.

After these hydroxylation steps, the wafers were dried in an oven (393 K) and transferred
to a glovebox. Here, the wafers were immersed in a toluene solution (molecular sieve
grade, 99%, Sigma-Aldrich) containing 0.01 M of octadecyltrichlorosilane (ODTS, 97.0%,
Sigma-Aldrich), under N2 atmosphere to prevent hydrolysis of ODTS with water present in
air. As a result, self-assembled ODTS monolayers were formed on the substrate which
transformed its surface from being of hydrophilic nature to hydrophobic due to the long
hydrophobic, aliphatic chains.

3.2.2 UV ozone treatment

This newly formed hydrophobic monolayer of ODTS is necessary to enable successful
patterning of the surface with zeolite. Bonding of hydrophilic zeolite precursor solution is
not possible when the surface is blocked by hydrophobic chains and thus these have been
removed using UV ozone treatment for 30 minutes. By protecting the surface with a copper
grids such as TEM grids, certain areas of hydrophobicity can be protected against UV ozone
treatment leading to a pattern of alternating hydrophobic and hydrophilic areas. Initially,
a copper grid with squared holes (40 um*40 pm) and approximately 20 um distance
between holes was used to pattern the wafers. In order to increase the distance between
patterns as well as enable micropatterning of circular islands, a grid with circular holes
(8=20um) was used. After UV ozone treatment, the substrate preparation was complete
and the different zeolite precursor application methods were started.

3.3 Silica spin-coating

The first method to fabricate a model system of micropatterned zeolite thin films which has
been explored is the synthesis of SBA-15 through spin-coating of a colloidal solution onto
the prepared silicon-based substrates followed by hydrothermal crystallization into zeolite
material. Further recrystallization of mesoporous SBA-15 would lead to microporous ZSM-
5.

Firstly, a polymer solution was prepared by dissolving a mesoporous organic template,
P123 (Mn=5800, Sigma- Aldrich) in ethanol (99.5%, Fisher BioReagents) while stirring for
2 hours at room temperature. Afterwards, demineralized water, an acidic catalyst,
hydrogen chloride (HCI, 37%, Sigma-Aldrich) and a silica source, tetraethyl orthosilicate
(TEOS, 99%, Sigma- Aldrich), were added.
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The molar ratio of the reactants is: 4’
TEOS:H20:EtOH:HCI:P123 =1 : 15.1 : 38.1 : 0.16 : 0.01.

The composition of the colloidal solution has been varied and its impact on the degree of
spin-coating has been examined. After addition of TEOS (t=0), condensation started and
the silica network had begun to form. At different moments after injecting TEOS (t=5 min.
till t=4h), prepared wafers were spin-coated with the colloidal solution (3000rpm for 30
s). The wafers were first cleaned by spin-coating 20 ul of ethanol followed by the patterning
through spin-coating 10 pl of colloidal solution.

A number of parameters have been varied such as the composition of the colloidal solution,
in particular the amount of catalyst HCI, the spin-coating parameters, in particular the
rotation speed and the amount of mixing time after adding TEOS, which is referred to as
gelation time. Appendix A (section 9.1) provides an overview of the different tests.

After spin-coating the micropatterned wafers were calcined in an air oven for 5 h at 823 K
with a temperature ramp of =2.0 K/ min to remove the organic template P123, which
results in mesoporosity. However, the incorporation of aluminium into the SBA-15 structure
is difficult to achieve. Therefore, SBA-15 usually lacks the intrinsic acidity of zeolites and
thus its catalytic activity. °

3.4 Direct-dipping hydrothermal synthesis

The second method used to apply zeolite precursor onto the micropatterned substrate is
the direct dipping in synthesis gel followed by a hydrothermal step. First, a basic synthesis
gel was formed by mixing a template, tetrapropylammoniumhydroxide (TPAOH, 40w% in
H20, Alfa Aesar) with demineralized water and adding sodium aluminate NaAlO2 (40-45
w% Na20 & 50-56 w% Al>03). After mixing the solution for 30 min., TEOS was added and
the final clear gel was stirred for 2 hours before being charged into a Teflon-lined autoclave
(23 ml, figure 16). The final solution has the molar ratio: 26

TEOS/TPAOH/NaAlO2/H20 = 0.8 : 0.1 : (0-0.08) : 50

which translates to a silica to alumina ratio of Si/Al=10 till Si/Al=0c0. Micropatterned model
systems have been prepared with a theoretical Si/Al ratio of Si/Al:
10,20,30,40,60,80,160,200 & co. A prepared wafer was placed at the bottom of the
autoclave and hydrothermal reaction was carried out at 393 K for 12 h, 15 h or 24 h.
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After the hydrothermal step, the wafer was rinsed in the ultrasonic bath for 5 minutes to
get rid of loose zeolite crystals which were not covalently bound to the surface. Then the
wafers were calcined in an air oven for 5 h at 823 K with a temperature ramp of = 2.0
K/min to remove the template, TPA*. Afterwards, ion exchange has taken place by
immersing the wafer in an ammonium nitrate solution (1.0M NH4NOs3, 98%, Sigma- Aldrich)
for 2h up to 18h while stirring at 343 K. After one cycle, the wafers were rinsed intensively
with water and the ion exchange was repeated up to four cycles.

In this step, as-synthesized zeolite containing sodium as cation, e.g. Na-ZSM-5, was
converted to the ammonium state NH4-ZSM-5 which was subsequently converted to H-
ZSM-5 through calcination (5 h at 823 K). The micropatterned wafers have been
characterized using optical microscopy, SEM, XRD & AFM.

After synthesis, the Teflon liners were rinsed with water and cleaned by scrubbing using
the abrasive CIF. Then the Teflon liners were stored in a potassium hydroxide solution (2M)
which helped dissolve any residual zeolite traces.

3.5 Spincoating ZSM-5 precursor under basic conditions

Another method which has been explored is the spin-coating of ZSM-5 precursor solution
and crystallizing it directly into ZSM-5 through a hydrothermal step. Advantages of this
method compared to spin-coating SBA-15 precursor is that it requires one step less since
most components necessary are already spin-coated into one island and thus only one
hydrothermal step is required.
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First, a precursor solution was prepared by dissolving TEOS in ethanol and mixing TPAOH
with H20 and an aluminium source, such as NaAlOz. After 1h of stirring, the silica and
alumina precursor solutions were added together. The final solution has the following molar
ratio: 6!

TEOS/TPAOH/NaAIO2/H20/EtOH = 0.8 : 0.29 : (0-0.08) : 15: 3.2

This final solution has a higher concentration of silica, alumina and template which is
necessary to enable crystal growth localised on the islands after spin-coating. To facilitate
spin-coating of the solution and investigate the influence of alcohol on the thickness of the
islands, the final solution has also been diluted at least twice with methanol, ethanol or 2-
propanol and the effect of the alcohol has been investigated. After two hours of stirring the
final solution, the prepared substrates (SiO2 coated Si wafers) were spin-coated at 2800
rpm for 30s with an acceleration of 100 rpm/s. First, the substrate was cleaned by spin-
coating 20 pl ethanol (3000 rpm, 30 s) followed by spin-coating 10 pl of the precursor
solution.

Spin-coated wafers have been transferred into a Teflon-lined autoclave on a Teflon pedestal
(figure 17) and a small amount of water has been added to initialize the crystallization
process in the hydrothermal step (20 pl to 200 ul). Hydrothermal reaction of the spin-
coated samples was carried out at 423 K for 3 days. This was followed by calcination at
823K for 4h with a temperature ramp of 1.0 K/min. At last, the wafers were ion exchanged
and calcined to obtain H-ZSM-5 according to the same procedure as in section 3.3.
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Figure 17: Schematic diagram of the hydrothermal step after spin-coating of ZSM-5
precursor solution.
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3.6 Spincoating ZSM-5 precursor under neutral conditions

Contrary to the synthesis gel used in the direct-dipping method, it has shown to be
important for the aluminium source to dissolve in the mixture used for spin-coating of ZSM-
5 precursor solution. In a micropatterned model system, each island of zeolite needs to
possess the same Si/Al ratio. In order to optimize dissolving of an aluminium source and
to ensure a homogenous concentration of aluminium throughout the model system, ZSM-
5 precursor has been spin-coated under neutral conditions. Similar to spin-coating under
basic conditions, TEOS was first dissolved in ethanol while simultaneously a solution of
water, tetrapropyl ammoniumbromide (TPABr, 98%, Sigma-Aldrich), and aluminium
chloride hexahydrate (AICIs.6 H20, 99%, Fluka Analytical) was prepared. After addition of
the silica and alumina precursor solutions, the mixture was stirred for 2 hours before spin-
coating onto the prepared substrates (SiO2 coated Si wafers). The spin-coating procedure
is similar to the procedure under basic conditions (chapter 3.4).

Thereafter, the spin-coated wafers were transferred onto a pedestal in a Teflon-lined
autoclave and hydrothermal reaction has taken place involving the addition of a base which
provides a mobilizing agent (OH"). Different amounts of ammonia solution (28%, Sigma-
Aldrich) and H20 have been added (from 20 pl to 500 pl). After the hydrothermal reaction
in an air oven (423 K for 3 days), the wafers were calcined at 823K for 4h with a
temperature ramp of 1.0 K/min. At last, the wafers were ion exchanged and calcined to
obtain H-ZSM-5 according to the same procedure as in section 3.3.

3.7 Microinjecting ZSM-5 precursor

A final method which has been explored to fabricate a micropatterned zeolite thin film
model system is the micro-injection of basic and neutral ZSM-5 precursor solution onto a
substrate. In this method, a basic precursor solution and a neutral precursor solution have
been prepared in a similar manner as in chapter 3.4 & chapter 3.5. These precursor solution
contained varying Si/Al ratios of Si/Al=20,40,80,160 & co.

These solutions have been manually deposited onto a substrate using a microneedle
(Eppendorf Femtolet 4x) while observing the patterning through an optical microscope
(ZEISS Axio Observer). Microneedles have been prepared. Before microinjection, the
solutions were filtered using a 0.45 ym membrane filter (Thermofisher) to remove any
agglomerates, impurities or undissolved (aluminium) species. To ensure a homogenous
distribution of aluminium species in every island, a neutral precursor solution has been
prepared in which the aluminium species fully dissolved.

Because this method applies manual microinjection, more freedom in the choice of
substrate was possible and thus different substrates have been used than were used for
spin-coating and direct hydrothermal synthesis. The ZSM-5 precursor solutions have been
microinjected onto wafers of borosilicate glass and calciumfluoride. Borosilicate glass has
been prepared by either cleaning with ultrasonication, cleaning followed by hydroxylation
or cleaning followed by hydroxylation and patterning as described in chapter 3.2.
Calciumfluoride substrates have been prepared by cleaning with ultrasonication.
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3.8 Characterization methods

3.8.1 Optical Microscopy

During the different steps in the fabrication of the micropatterned ZSM-5 model system,
optical microscopy has been used to quickly identify the degree of micropatterning, spin-
coating and crystal growth of the micropatterned zeolite thin film. An Olympus microscope
has been used with magnifying lenses of 5*, 10* and 50* magnification. Throughout the
process of optimizing the model system, different microscope lenses and settings (light)
have been used meaning that model systems are not compared with each other in terms
of e.g. their colour.

3.8.2 X-Ray Diffraction

X-ray diffraction (XRD) has been used to confirm the presence of zeolite phase in the
synthesized micro-patterned ZSM-5 thin films. Diffraction patterns have been collected
using a Bruker D2 Phaser (2™ Gen) instrument using a cobalt radiation source, Co Kaipha =
1.789 Angstrom.

The standard XRD program to detect whether a sample contained MFI zeolite (ZSM-5) had
an angle range of 5-50° with an increment of 0.05 and measuring time per step was 1
second.

3.8.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) has been used obtain information of the topography
and morphology of the synthesized zeolite patterns. The Phenom ProX scanning electron
microscope has been used for imaging and analysis using both 10kV and 15kV acceleration
voltages. Samples have been prepared by sticking the wafer onto an aluminium pin using
carbon adhesive discs (Agar scientific).

3.8.4 Atomic Force Microscopy

Atomic force microscopy (AFM) has been used to obtain information on the crystalline
properties of the synthesized model. AFM images have been scanned with PeakForce
Tapping Mode and Contact Mode at scanning frequencies of 2 kHz and 4 kHz. Different
probes have been used as tips including High Accuracy NonContact probes (HA_NC, NT-
MDT Spectrum Instruments), Single Crystal Diamond probes (SCD14/AIBS, MikroMasch)
DP15/GP/No Al and HQ:NSC_14/No Al.
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3.9 Catalysis

3.9.1 Confocal Fluorescence Microscopy FM: 4- fluorostyrene oligomerization

The oligomerization of 4-fluorostyrene catalysed by synthesized micropatterned ZSM-5 has
been investigated through fluorescence measurements conducted using a Nikon ECLIPS
90i upright confocal laser scanning fluorescence microscope.

3.9.2 Methanol-to-olefin

The methanol-to-olefin reaction catalysed by the synthesized micropatterned ZSM-5 has
been investigated using in-situ UV/VIS absorption spectroscopy as well as on-line Mass
Spectrometry (MS). A flow of 10.00 mi/min N2 is applied to a sealed reactor cell
containing the micropatterned wafer. After heating to 393K (30 K/min ramp) for 1h
followed by heating to 623K (30 K/min ramp) at 2h, all present oxygen has been
removed and the reaction was started by flowing the nitrogen through methanol. The
presence of coke species as well as olefins has been monitored using UV/VIS and MS.
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Chapter 4 - Results and discussion

In this study of designing a micropatterned model system, initial findings have provided
an increasing understanding of the requirements of the model system and the
improvements which can be implemented. Synthesized micropatterned zeolite (precursors)
have been characterized through optical microscopy, SEM, AFM & XRD measurements. The
results are reported per method used.

4.1 Spin-coating of SBA-15 precursor under acidic conditions

Spin-coating of SBA-15 precursor solution has been performed after certain time intervals
after addition of TEOS to the colloidal solution. Microscopic images have been taken of
wafers spin- coated with the colloidal solution after different gelation times ranging from 5
minutes to 4 hours. Some factors that influence the quality of the spin-coated
micropatterned films are the composition of the solution, gelation times and spin-coating
settings. The sol-gel composition has been based on the synthesis of mesoporous silica
thin films by Kato et al.#” Appendix A shows an overview of the different parameters that
have been tested and have led to a micropatterned film.

4.1.1 Influence EtOH/H20 ratio

Firstly, the composition of the colloidal solution has been altered by changing the water to
ethanol ratio. This ratio has been tested in the range of

EtOH/H20= 0.3 till EtOH/H20= o

Which means addition of an excess of water till no addition of water but only ethanol.
Altering this ratio influences the viscosity of the colloidal solution as well as its behaviour
during spin-coating; ethanol evaporates more rapidly than water. Many different ratios
have resulted in successful patterning of the colloidal solution onto a substrate and thus
no connection has been found between these parameters. As explained in section 2.2.1,
water molecules are required to initiate hydrolysis and ethanol mainly acts as solvent for
water and TEOS, which are immiscible. Once hydrolysis is followed by condensation, a
water molecule has become available to re-initiate the cycle again.

According to this reasoning, no water should be available for hydrolysis when EtOH/H20=0c0
and gelation should not occur. However, this is opposed to the visual observation that the
viscosity of the colloidal solution has increased over the course of a few hours. Moreover,
figure 18 shows successful partial patterning of the colloidal solution after 3h of gelation,
without addition of H20. Spin-coating of a control colloidal solution without TEOS has not
resulted in successful patterning which suggests that a silica network had been formed
before spin-coating the sample in figure 18.
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Possible reasons for this observations could be the presence of water molecules in the
catalyst (HCI, 37w% in H20). This equals an actual ethanol to water ratio of EtOH/H20 =
50 which could provide enough H20 to initialize hydrolysis and gelling of the colloidal
solution. Additional sources of H20 include moisture from air and impurities of involved
solutions but this is expected to play a smaller role than addition of catalyst.

Figure 18: Optical micrograph of spin-coated colloidal solution with EtOH/H,O=00 on a Si substrate
after 3h gelation time. Six times as much catalyst as in lit. has been used.

4.1.2 Influence catalyst & gelation time

Secondly, the composition of the colloidal solution has been altered by changing the
amount of catalytic hydrochloric acid added to the colloidal solution. This amount has been
compared to literature*” and this ratio has been tested in the range of HCladded/HCliiterature =
[0.4 : 32] which equals a ratio of TEOS:HCIl = [2.5 : 200].

Besides HCladded/HCliiterature = 0.4, use of almost all other different catalyst ratios has
resulted in successful (partial) patterning of substrates (chapter 9.1). This indicates that
formation of a silica network through hydrolysis and consecutive condensation occurs as
long as enough catalyst has been added. However, adding low amounts of catalyst have
resulted in a low rate of gelling of the colloidal solution which means that even though for
HCladd/HCliit =0.4, the gelation might have started, it was still not observable after 4h of
gelation. Since the rate of the reaction increases upon addition of more catalyst, the
gelation time decreases before the same size or degree of 3D silica network has been
formed.

This is supported by figure 19 showing partial micropatterning after 5h at low catalyst
amount and figure 20 showing partial micropatterning after 16 min but not after 3h.
Instead, the latter shows a thick film spin-coated onto the substrate with relief indicating
the presence of a viscous 3D silica network. One could note that at low acid concentrations,
a thin film is also formed at low gelation times. The difference between these films is that
after 16min, it mainly consists of solvent such as ethanol which has not been evaporated
yet, possible due to the spin-coating settings. While at 300min, the film does not appear
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to be homogenous and flat but rather bulky. Please note that the difference in colours is
due to the use of different microscopes.

A

I — — — i
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Figure 19: Optical micrograph of spin-coated colloidal solution. a) after 16 min, b) after 300 min.
EtOH/H,0 = 5.4. Six times as much catalyst as in ref. [47] has been used.
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Figure 20: Optical micrograph of spin-coated colloidal solution. a) after 15 min, b) after 180 min.
EtOH/H,O = 5.4. 32 times as much catalyst as in ref. [47] has been used.

4.1.3 Influence spin-coating settings

The quality of the micropatterned substrate is not only dependent on the composition of
the colloidal solution but also on the settings of the spin-coating procedure. Three
parameters have been investigated including the rotating speed of the disc, the duration
of spin-coating and whether the substrate was stationary or rotating while depositing the
solution. One programme which has been used consist of addition of the colloidal solution
before rotation, then a step of 5 s rotating at 500 rpm to ensure proper spreading on the
substrate followed by 30 s rotation at 3000 rpm to evaporate the solvent.

When depositing the colloidal solution while rotation had started, incomplete spreading of
the substrate occurred possibly due to incorrectly deposition the solution next to the middle
instead of in the centre or because incorrect deposition removes the solution in the centre
of the substrate due to a puff of air.
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Overall, spin-coating of colloidal solution has led to irreproducible results depending on
small differences in composition or gelation time as well as physical conditions such as
wafer cleaning steps.

4.2 Direct-dipping Hydrothermal synthesis

In the second method which has been explored, micropatterned ZSM-5 thin films have
been fabricated through direct-dipping hydrothermal synthesis. Some factors that
influence the micropatterned model systems include the composition of the synthesis gel,
reaction conditions and the influence of the substrate.

The influence of the composition of the synthesis gel has been explored by altering the
concentration of template, TPAOH, and the silica to alumina ratio by adding more Al
containing precursor while obtaining a constant silica to water ratio. The synthesis gel is
based on a study by Ha et al ?® and the molar ratio between its components is equal to
TEOS/TPAOH/NaAlO2/H20 = 0.8 : 0.1 : (0-0.08) : 50.

4.2.1 Influence of template

Firstly, the influence of the template has been investigated by altering the amount of
template added to the synthesis gel. This amount has been compared to literature and this
ratio has been tested in the range of TPAOHadded/ TPAOH iterature = [0.4 ; 1.5]. Each synthesis
gel contained a silica to alumina ratio of Si/Al = 160 and hydrothermal synthesis has been
performed at 393 K for 12 h.

Figure 21 shows the optical image of micropatterned films after hydrothermal synthesis
using synthesis gels with different concentration of template. When adding too much
template (figure 21 A), the SisN4 wafer partially degrades and an irregular micropattern is
visible. Figure 13B shows a successfully patterned wafer but when the amount of template
is even further decreased, patterning of the wafer is becoming incomplete and zeolite
material is not bond to the substrate.

These observations are in accordance with the theory which states that TPA* acts as a
structure directing agent and is involved in the synthesis of MFI zeolites. TPA* cations have
been reported to form complexes with both silicate or aluminosilicate species as well as
compensate with Na* cations for charge compensation which is required to counteract the
negative charge caused when an alumina tetrahedron substitutes a silica tetrahedron in
the zeolite framework.®> When the requirement of sufficient template is not met, the
crystallization rate slows down and this results in a lower quality of a micropatterned model
system. An effect which accompanies a reduction of template is a reduction in amount of
OH" anions added and thus an increase in pH. Alkalinity plays an important role in zeolite
synthesis; reducing the pH leads to lower crystallization rates an increased induction times.
However, it is also reported that at high pH values, silica is more likely to dissolve and
remain in liquid phase instead of becoming incorporated into a crystalline solid phase.®3
This means that additional experiments must be performed to investigate the influence of
the pH and that it may be suggested that the observations are caused by the reduction of
the template concentration.
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Figure 21: Optical micrograph of micropatterned films (Si/Al= 160) on a SisN4 coated Si wafer
through direct-dipping hydrothermal synthesis. TPAOHadded/ TPAOH;i =A) 1.5, B) 0.75, C) 0.6, D) 0.4.
Hydrothermal step of 12 h at 393 K

4.2.2 Influence Si/Al ratio

Secondly, the influence of the template has been investigated by altering the silica/alumina
ratio of the synthesis gel. The synthesis of ZSM-5 is a versatile process and researchers
have successfully synthesized it with Si/Al ratio in the range from Si/Al= 10 - 1000. In this
study, micropatterned zeolite films have been synthesized with a Si/Al ratio in the range
of Si/Al= 10 - 200 and Si/Al= oo which corresponds to the synthesis of purely siliceous
SM-5, silicalite-1. Figure 22 shows the optical image of micropatterned films after
hydrothermal synthesis using synthesis gels with different Si/Al ratios (200,120,60 & 30)
At high Si/Al ratios, the crystalline material has attached to the substrate on distinct areas
creating a high quality of micropatterned zeolite film (figure 22 A & B). When decreasing
the Si/Al ratio by incorporating more alumina, the quality of patterning decreases and a
thin film is grown rather than a micropatterned film (figure 22 C & D). This overgrowth can
be assigned to an increase in nucleation which is caused by Al** cations, which favour
nucleation over crystal growth, contrary to a purely siliceous system.®* Since TPA* primarily
forms organic-inorganic bonds with silicate species, aluminate is not properly incorporated
into the framework but is rather left outside the formed crystal, called Al-zoning. This
results in random nucleation outside of the patterned regions. This problem can be solved
by replacing TPA* by another structure directing agent.!”
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Figure 22: Optical micrograph of micropatterned films on a SisN4 coated Si wafer through

direct-dipping hydrothermal synthesis. Si/Al= A) 200, B) 120, C) 60, D) 30. Hydrothermal step

of 12 hat 393K
Figure 23 shows the optical image of micropatterned films after hydrothermal synthesis
using synthesis gels with low Si/Al ratios and thus high amounts of aluminium present.
When the Si/Al becomes too low (B: Si/Al=10), the presence of aluminate species becomes
too dominant and prevents facile growth of MFI crystals attached to the Si based substrate.
When too much aluminium is present in the synthesis gel, formation of zeolite crystals may
not occur at all.

Figure 23: Optical micrograph of micropatterned films on a SisN4 coated Si wafer through direct-
dipping hydrothermal synthesis. Si/Al= A) 20, B) 10. Hydrothermal step of 12 h at 393 K
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The influence of the Si/Al ratio in the crystal formation and shape of the micropatterned
zeolite model system has also been explored using SEM & AFM. Figure 24 shows the optical
micrograph, SEM & AFM of a micropatterned film with Si/Al=co. The circular areas of
crystalline material are well separated and hardly any crystals have bonded to the
background of the wafer. SEM micrograph shows coffin shaped crystals which are in
accordance with known MFI crystal shape. % SEM and AFM show presence of a monolayer
with multi-layered areas and crystals protruding from the bottom layer. When this
crystalline island is compared to figure 25, a few observations are notable. First of all, after
the introduction of aluminium (figure 25, Si/Al=160), more individual crystals have grown
onto the wafer outside of the patterned area. This can be explained by referring to the
ability of aluminium to increase nucleation. Moreover, SEM and AFM show multiple layers
of crystalline material indicating an increased crystal growth and resulting in a higher total
height of the island, which is supported by literature. Coffin shaped crystals are
distinguishable but have grown together forming clusters of crystals pointing in multiple
directions. Figure 26 shows a micropatterned zeolite thin film with Si/Al=40 which consists
of multilayers of crystalline material as well.

Figure 24: Optical micrograph, SEM & AFM of a micropatterned film (Si/Al= o) on a SiO; coated Si
wafer through direct-dipping hydrothermal synthesis. Hydrothermal step of 24h at 393K.

Figure 25: Optical micrograph, SEM & AFM of a micropatterned film (Si/Al= 160) on a SiO, coated Si
wafer through direct-dipping hydrothermal synthesis. Hydrothermal step of 24h at 393K.
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Figure 26: Optical micrograph & AFM of a micropatterned film (Si/Al= 40) on a SiO, coated Si wafer
through direct-dipping hydrothermal synthesis. Hydrothermal step of 24h at 393K.

4.2.3 Influence reaction temperature

The influence of the reaction conditions on the synthesis of micropatterned zeolite thin
films through direct-dipping hydrothermal synthesis has been investigating by exploring
both the reaction temperature and duration. The reaction temperature plays an important
role in the crystal shape and formation of the micropatterned zeolite model system.
Therefore, it has been explored in this study using optical microscopy, SEM & AFM.

Figure 27 shows the optical image, SEM & AFM of a micropatterned film with Si/Al=co,
synthesized at 453K for 4h. The micropatterned films shows high quality of patterning and
practically no crystallization outside the patterned regions. SEM & AFM show a monolayer
of narrow, coffin shaped crystals with a few crystals forming multilayers. When compared
to figure 24, a similar model system has been synthesized in 4h at 453 K as has been
synthesized in 24h at 393 K. This result suggests that for silicalite-1 synthesis, the
crystallization rate increases at higher temperatures.

Figure 27: Optical micrograph, SEM & AFM of a micropatterned film (Si/Al=c0) on a SiO; coated Si
wafer through direct-dipping hydrothermal synthesis.. Hydrothermal step of 4h at 453 K.

Cejka et al. states that increasing temperature increases both the rate of nucleation and
crystal growth. However, these rates are not increased equally since the crystal growth
rate will be increased in particular. This results in larger crystals and higher growth rates
at high temperatures. Moreover, crystals consist of several facets, each with their own
activation energy and thus their own reactivity. This means that upon elevating the
temperature, some crystal faces are more prone to reaction than others and therefore the
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aspect ratio changes. As a result of the changing aspect ratio, which is equal to the length
of the crystal divided by its width, the crystal morphology can change.® This explains why
figure 27 shows larger and narrower coffin shaped silicalite-1 (MFI) crystals than figure 24.

4.2.4 Influence reaction duration

Figure 28 shows the optical image and SEM of a micropatterned film with Si/Al=160,
synthesized at 393K for 12 h. A monolayer of crystals is visible with a slightly coffin-like,
squared shape. When compared to figure 25, both micropatterned zeolite films have been
synthesized from identical synthesis gels at the same temperature but the reaction
duration of figure 28 was twice as long as figure 25, 24 and 12 h respectively. The
crystalline islands differ in a number of ways. For longer reaction durations, more zeolite
material appears to have formed more multi-layered areas. Besides, the shape of individual
crystals is different as well as the orientation. At shorter durations, a flat crystalline
monolayer appears to have formed whereas at longer durations, crystals are oriented
randomly and a lot of perturbing crystals are present. In general, crystallinity increases
with time. However, zeolites are not always stable crystalline phases but exist as
metastable phases which react consequently into more stable phases, according to
Ostwald’s law.® This could suggest that the differences in crystal shape are due to the a
different zeolite state. Kinetics may not also not be forgotten which is supported by the
differences between figure 25 & 28.

Figure 28: Optical micrograph & SEM of a micropatterned film (Si/Al= 160) on a SiO; coated Si wafer
through direct-dipping hydrothermal synthesis.. Hydrothermal step of 12 h at 393 K
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4.2.5 Influence of substrate

In zeolite synthesis, the substrate can play an important role in the crystallization process
of the zeolite, especially when the zeolite is epitaxially grown onto a Si based substrate. In
order to explore the influence of the substrate on the micropatterned zeolite thin film model
through direct-dipping hydrothermal synthesis, a number of silicon based wafers have been
micropatterned and analysed with optical microscopy, SEM, AFM and X-ray diffraction.

When micropatterning SisN4 coated Si wafers through direct-dipping hydrothermal
synthesis, the presence of black squares has been noticed (figure 29). These squares do
not represent crystals grown onto the surface but rather the etching of the surface creating
a valley-shaped dent. These defects occur both on the hydrophilic patterned areas as well
as the hydrophobic regions between islands of zeolite and might be caused by the reaction
of the surface groups present in the SisN4 layer. This observation has led to the use of
other substrates, such as uncoated Si <100> wafers and Si wafers coated with SiOa.
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Figure 29: Optical micrograph and SEM of a micropatterned film (Si/Al= oo) on a SisN4 coated S| wafer
through direct-dipping hydrothermal synthesis. Hydrothermal step of 15 h at 393 K.

However, when uncoated Si wafers were submitted to direct-dipping hydrothermal
synthesis, no micropatterned wafers were synthesized. Figure 30 shows the result of
hydothermal synthesis on SisN4 coated substrates (figure 30A, which shows squared
defects) as well as hydrothermal synhesis under the same conditions on uncoated Si
substrates (figure 30B). The entirety of the surface appears to have been degraded and
affected during the reaction. Additional measurements have indicated that the prepared Si
substrates appear to be intact after hydroxylation and that the degradation occurs during
the hydrothermal step. Altering the synthesis gel (figure 30C, Si/Al=40) leads to similar
observations of complete or partial degradation of the surface. A potential cause for this
degradation could be that the uncoated silicon wafer is more reactive than the coated
wafers since the framework silicon is more available under a thin layer of surface silanol
groups whereas silicon nitride is known for its chemical inertness. %
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Figure 30: Optical micrograph of a micropatterned film (Si/Al=00) on a SizN4 coated Si wafer (A) and
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an uncoated Si wafer (B) in the same autoclave (12 h at 393 K) and micropatterned film ((Si/Al=40)

on an uncoated Si wafer (C) (12 h at 393 K) .

SiO2 coated Si wafers do not experience surface etching or degradation but result in
micropatterned wafers (figure 24 till 27). Depending on the reaction conditions which have
been discussed before, the micropatterned islands are defined and separate and crystal
growth is limited to the hydrophilic areas containing surface silanol groups. Nonetheless,
micropatterning of SiO2 coated wafers has resulted in crystal growth exclusively inside the
patterns, exclusively outside the patterns and in both areas. Figure 31 shows a wafer on
which crystal growth appears to favour the hydrophilic areas while on other parts of the
same wafer the hydrophobic areas appear to be favoured. A reason for this phenomenon
could be that the incorporation of aluminium enables the formation of amorphous alumina
and silica aggregates which are converted into zeolite crystals. 3* Moreover, contact with
nuclei and the liquid phase is important to grow efficiently and thus nucleation does not
only take place on the surface of the substrate but also in bulk solution. This could result
in zeolite aggregates or crystals bonding with crystals attached to the surface, thus ignoring
the hydrophobic surface groups and resulting in overgrowth or odd zeolite patterning.

Figure 31: Optical micrograph of a micropatterned film (Si/Al= 40) on a SiO; coated Si wafer through

direct-dipping hydrothermal synthesis. Hydrothermal step of 12 h at 393 K.

In order to prevent random crystal growth in the synthesis of a micropatterned zeolite thin
film model system as well as achieve higher control over the distribution of crystal growth
on the substrates, other methods such as spin-coating and microinjection have been
explored. Moreover, a small research has been performed into the use of other chemicals
to prepare a micropatterned substrate (section 9.2)
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4.3 Spin-coating of ZSM-5 precursor solution

Spin-coating of ZSM-5 precursor solution has been performed followed by hydrothermal
steaming resulting in the crystallization of patterned islands.

In this method, the condensation of the silica & alumina network in the solution takes place
in a basic environment, contrary to spin-coating of a sol leading to SBA-15. As a result,
the solution behaves differently and other spin-coating settings have been applied. To
ensure better spreading during the spin-coating step, the precursor solution has been
diluted with a number of alcohols. After hydrothermal steaming in an autoclave followed
by calcination, the synthesized model system has been characterized using optical
microscopy, AFM & SEM. There are number of factors which influence this process including
the amount of water added in the hydrothermal step, the amount of alcohol used and the

4.3.1 Influence of water in hydrothermal step

Figure 31A shows the high quality of spin-coating of a basic precursor solution containing
TEOS,H20, EtOH & TPAOH after 4h of stirring. In b & c crystallization at the edges of the
patterns after a hydrothermal step of 3 days at 423 K is shown, whereas the centre of the
island appears to contain unreacted precursor solution. SEM image confirms the synthesis
of coffin shaped MFI crystals (figure 32) and the presence of fully crystallized islands as
well as partially crystallized islands. A duplicate experiment using the same reaction
conditions is shown in figure 33. Contrary to previous findings, crystallization seems to
have completed fully and a monolayer of coffin shaped MFI crystals has formed. However,
growth of crystals outside the patterned regions seems to be present as well, similar to
findings when using the direct-dipping hydrothermal synthesis method.
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Figure 31: Optical micrograph of a spin-coated film (Si/Al=c0) on a SiO, coated Si wafer before
hydrothermal step (A) and after 3 d at 423K with 200 ul H>0.

Figure 32: SEM image of a spin-coated film (Si/Al=00) on a SiO, coated Si wafer after 3 d at 423
K with 200 pl H0.

36



100 pm

lreme ma s

Figure 33: SEM image of a spin-coated film (Si/Al=00) on a SiO; coated Si wafer after 3 d at 423
K with 200 ul H;O.

In order to reduce the crystallization growth and random nucleation outside the patterned
regions, the amount of water has been altered in the hydrothermal step. The hydrothermal
step has been inspired on research performed by Wee et al ¢! which use similar steam-
assisted crystallization techniques for the synthesis silicalite-1 thin films. Figure 34 shows
optical images and SEM image after a hydrothermal step using 20 pl water. A very thin
layer of material is left and crystallization does not appear to have taken place. Upon
increasing the amount of water to 40 ul (figure 35), crystalline phases are starting to form
exclusively on the patterned regions.
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Figure 34: Optical micrograph of a spin-coated film (Si/Al=c) on a SiO, coated Si wafer before
hydrothermal step (A) and after 3 d at 423K with 200 pl H>0O (B) & SEM image after hydrothermal
step (C). Diluted twice with ethanol.
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Figure 35: Optical micrograph of a spin-coated film (Si/Al=20) on a SiO; coated Si wafer before
hydrothermal step (A) and after 3 d at 423K with 40 ul H,O (B) & SEM image after hydrothermal step
(C). Diluted twice with iso-propanol.
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Figure 35: Optical mlcrograph of a spin-coated film (Si/Al= 160) on a SiO, coated Si wafer after 3 d
at 493 K with 100 pl H2O. Diluted twice with iso-propanol

e

20 um

With addition of 40 pl of H20 during the hydrothermal step (figure 35), crystallization was
incomplete and thus a spin-coated micropatterned film has been converted to crystalline
material using 100 pl of H20 (figure 36). The optical micrograph suggests that further
crystallization had taken place and thus 100 ul of H20 was used for other samples as well.

4.3.2 Influence of type of alcohol on zeolite micropattern formation

As described in section 2.2.1, spin-coating of a (colloidal) solution involves the evaporation
of solvent during spinning of the substrate resulting in a layer of reaction precursor left
behind. Ethanol plays a role in dissolving the silica source TEOS and water plays an
important role of the subsequent hydrolysis of the silica species. In order to facilitate the
spin-coating process and increase quality of micropatterning, alcohol species have been
added to the reaction solution. The low viscosity of alcohols ensure good spreading of the
solution over the substrate. Additionally, alcohols are able to influence the crystallization
properties which allows for additional control over its morphology, orientation and
thickness of the micropatterned films. 6!

-Ethanol, methanol and iso-propanol have been used to dilute the reaction solution.

The solutions have been twice, thrice and four times diluted with the alcohols. This
decrease in viscosity has led to better spreading during spin-coating which resulted in a
decreased rotation speed (2800 rpm for 30s). In general, higher rotation speeds lead to
thinner films which leads to less zeolite material in each island. Since as much zeolite
material as possible is desired, the solutions have been diluted the fewest amount of times,
so twice. To increase proper spreading of the species, an acceleration of 100rpm/s has
been used. A downside of the addition of alcohols to the solution gel is the decrease of
concentration of silica and alumina species in the islands which means that fewer building
blocks of zeolite crystals are available.

4.3.3 Spin-coating of neutral solution

While exploring the influence of the amount of water in the hydrothermal step, aluminium
has been introduced into the precursor solution. As mentioned before, the presence of
aluminate species influences the crystallization process of zeolite material considerably.
17,34,67 However, another important feature of a micropatterned model system which has
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been investigated is its reproducibility and the control over the composition of the different
islands of zeolite material. This prerequisite has given rise to an issue of practical nature
which is the distribution of Al in the spin-coated patterns. Previously used aluminium
sources, like NaAlO2, are soluble in aqueous acidic media but not under basic conditions.
At high pH, aluminium species tend to form which precipitate, such as Al(OH)s, which would
not be distributed equally amongst the spin-coated islands. Moreover, the addition of
alcohols might improve the spreading during spin-coating but it decreases the solubility of
aluminium sources. In a direct-dipping hydrothermal synthesis, all aluminium species are
present in the synthesis gel and readily react while in the hydrothermal step after spin-
coating, only a small amount of water is added to initiate crystallization. However, during
the hydrothermal step, the elevated pressure and temperature can cause migration of
species such as the water but also migration of alumina in vapor phase.?* In order to
minimize the effect of this migration, the synthesis must assure a homogeneous
distribution of alumina species over the islands during spin-coating. For this reason,
different aluminium sources have been explored as well as spin-coating of a neutral
solution, using TPABr as template. This template still offers TPA* cations necessary for
ZSM-5 synthesis while not affecting the pH.

Aluminium chloride hexahydrate (AlICl3.6 H20) has dissolved properly in the neutral solution
and has consequently been used. Spin-coating of this solution has resulted in fewer islands
than spin-coating the alkaline solution under the same spin-coating conditions but partially
spin-coated samples have been synthesized and subjected to hydrothermal reaction.

As mentioned before, alkalinity plays a major role in ZSM-5 synthesis and since the spin-
coated islands do not contain basic species such as OH anymore, this has to be introduced
in the hydrothermal step. Therefore, bases like ammonia in water has been added in the
autoclave to assist zeolite formation. Quantities of added base have been approximated on
the amount of base available in the spin-coated patterns of basic precursor solution and
quantities ranging from 10 pl to 500 pl ammonia solution have been added in the
hydrothermal step.

Unfortunately, this hydrothermal step has not resulted in the formation of crystalline
material yet. This could be caused by the difference in local alkalinity between
micropatterns spin-coated with TPAOH and micropatterns spin-coated with TPABr and
addition of a base source. Even though the pH has been approximated by adding an amount
of base which theoretically results in similar concentrations, the alkaline species added in
the hydrothermal step may not physically reach the substrate during hydrothermal step.
Even if the basic solution reached the substrate as a vapour, it may have acted differently
on molecular level. Moreover, the alkalinity of the synthesis solution leads to the formation
of basic aluminate and silicate complexes during addition and stirring of the solution prior
to spin-coating. Silicate is mostly present as [SiO(OH)3] or [SiO2(OH)2]%" and aluminate as
[AI(OH)30Si(OH)3]". %8 Addition of base after spin-coating during the hydrothermal step
might cause different chemical behaviour and not result in the same species.

Spin-coating of an alkaline ZSM-5 precursor solution has led to well patterned zeolite
crystals and spin-coating of neutral ZSM-5 precursor solution ensures presence of
aluminium species and must be investigated further. However, both these methods lack
an important characteristic of a micropatterned zeolite film model system which is the
control over the composition of individual islands or patterns. This has led to the
investigation of another method involving the manual microinjection of precursor solution
onto a substrate.
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4.4 Microinjection of a micropatterned zeolite model

Finally, a micropatterned zeolite thin film model system has been designed involving the
microinjection of an alkaline and neutral synthesis solution onto a substrate followed by
hydrothermal steaming to initiate zeolite crystallization. A number of influencing
parameters have been investigated including the preparation of the substrate as well as
the composition of the synthesis solution.

In the microinjection synthesis method, the zeolite precursor is manually applied onto the
substrate using a microneedle. For practical reasons, this method has been realised using
transparent substrates such as borosilicate and calcium fluoride. An additional benefit of a
model system built on these substrates is the ability to utilize transmissive analysis
techniques such as infrared spectroscopy and UV-VIS spectroscopy.

Figure 36 shows the optical micrograph of a microinjected model system using a siliceous
alkaline precursor solution after a hydrothermal step consisting of 3 days at 423 K with
addition of 100 pl water. The solution has been diluted 4 times with a stock of 35wt% EtOH
in H20 to ensure prevent clogging of the microneedle while providing the required
concentration of water for crystallization. The optical image shows no observable zeolite
crystals which might be caused by dilution lowering the concentration of zeolite precursors
too much, filtration of essential components or due to substrate surface chemistry. Silicon
based substrates offer silica species which take place in the crystallization reaction.
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Figure 36: Optical micrograph of a microinjected zeolite model system (Si/Al=00) on a borosilicate
wafer after 3 d at 423 K with 100 pl H;O. Diluted four times with EtOH.

The substrate has been manually micropatterned resulting in different areas of zeolite
precursor material with tuneable size. Additionally, the position on the wafer of each area
of islands is tuneable, the red circled island in figure 36A & B is the same island and shows
the tunability and freedom of microinjection. A noticeable downside is the inconsistency of
human labour which has led to different sized and shaped regions of zeolite material.
However, this can be mechanized or solved by patterning the substrate beforehand, as has
been done for the other methods used.

The influence of the preparation of borosilicate samples has been explored by applying
different preparation procedures. In the first procedure, the substrate is cleaned of organic
impurities through ultrasonication in a bath of water, ethanol and acetone. When analysing
the resulting model system (figure 36) using AFM, it became apparent that the islands
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were adsorbed to the surface rather than covalently bound since movement among the
surface was observed. This was concluded by visual movement of the islands when touched
by the AFM tip, as observed through the optical microscope of the AFM. In AFM, a probe is
moved up and down the patterned island in order to measure i.a. its height, which pushed
the island along the substrate surface.

Figure 37 shows an optical image of a borosilicate wafer microinjected with different zeolite
precursor solutions in the same frame of measurement. Islands in region A have a silica to
alumina ratio of Si/Al=co & for the islands in region B, Si/Al=20. The main advantage of
this method, which is its high control over the composition of islands, has become clear.
Further crystallization will lead to a micropatterned zeolite thin film model system which
can be applied for testing the effect of one specific parameter, for example the Si/Al ratio
of the zeolite, during catalytic reactions.

200 pm
i

Figure 37: Optical micrograph of a microinjected zeolite model system on a borosilicate wafer with
tunable Si/Al ratios on the same substrate. Si/Alregion A =00 & Si/Alregion 8= 20. Diluted twice with
EtOH.

In order to fix the issue of the zeolite precursor not covalently bonding to the surface, the
substrate has been hydroxylated using a mixture of water, hydrogen peroxide and
ammonia, next to the conventional cleaning method. This has resulted in better bonding
to the surface although this high affinity with the substrate has resulted in a low contact
angle which consecutively led to flattening of the islands. Furthermore, upon microinjection
of diluted, volatile solutions, rapid evaporation of the solvent led to irregular non-circular
shapes as well as sizes when using fully hydroxylated surfaces.

The irregularity and non-homogeneity of the model system has been solved by preparing
the substrate in the same manner as for other methods; micropatterning alternating
regions of hydrophobic and hydrophilic surface groups.
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Similar to the spin-coating of ZSM-5 precursor solution, the composition of the islands
before the hydrothermal step is important including the concentration of aluminium in the
islands. Therefore, a neutral zeolite precursor solution has been microinjected containing
template TPABr and AICIs.6 H20 as alumina source. Additionally, undissolved alumina
species could clog the microneedle or be filtered out so proper dissolving is important.
Figure 38 shows three regions of the same borosilicate substrate microinjected with
different precursor solution of different Si/Al ratios. For practical regions, the regions of
different precursor solution are positioned a few millimetres apart but this can be altered
so that islands of different compositions are visible in the same measuring frame.
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Figure 38: Optical micrograph of a microinjected zeolite model system on the same borosilicate wafer
containing different compositions. A) Si/Al= o, b) Si/Al= 160, c) Si/Al= 20. Diluted twice with
ethanol.

Further hydrothermal synthesis involving the addition of a base source in the autoclave
can result in zeolite material.

4.5 X-Ray Diffraction characterization

X-Ray diffraction has been used to investigate the crystallinity of the synthesized model
system as well as the presence of zeolite phase. Figure 39 shows the XRD pattern of
micropatterned zeolite using different synthesis methods without incorporation of
aluminium (Si/Al=0). This figure illustrates that the fabricated micropatterned thin films
are crystalline which is characterized by the sharp peak present. Crystalline material has
been synthesized using direct-dipping hydrothermal synthesis on a SiO2 wafer (24 h, 423
K, sample from figure 24) as well as on a SisN4 wafer (12 h, 393 K). Moreover, spin-
coating of zeolite precursor followed by hydrothermal steaming has resulted in crystalline
peaks (spin-coating, 3 d, 423 K, sample from figure 31 & figure 32). Figure 40 shows a
better overview of the peaks at higher 26 values.

The peak at 26=38° is caused by the crystallinity of the background silicon based wafer,
either uncoated Si, SisN4 or SiO2 coated. Additional peaks around 26= 10°, 26 =21°,
26=31° and 26=42° are found for all three synthesis methods suggesting that the same
periodic crystal was formed.

MFI structures exhibit peaks at 26=10° and 26=24° which roughly corresponds with the
measured peaks at 26= 10° & 26 =219, indicating synthesis of MFI silicalite-1 zeolite. ©°
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Figure 39: XRD micropatterned thin films
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Figure 40: XRD micropatterned thin films
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Figure 41: XRD micropatterned thin films
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Figure 42: XRD micropatterned thin films
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Figure 41 shows the XRD pattern of several micropatterned thin films synthesized using
direct-dipping hydrothermal synthesis on SisN4 wafers (12 h, 393 K). Different Si/Al ratios
have been used in the synthesis and the difference in resulting crystallinity has been
measured. Figure 42 shows a better overview of the peaks at higher 26 values.

The SisN4 background peak at 26=38° is shown in the XRD pattern and it has been found
in all synthesized films. Moreover, a similar XRD pattern has been found when using
different reaction conditions (figure 39). Additional peaks around 26= 10°, 26 =21°,
20=31° and 26=42° are found for all three synthesis methods suggesting that the same
periodic crystal was formed. There is no noticeable difference upon introducing
aluminium in the synthesis gel which could be explained by noting that the aluminium
might not have been incorporated correctly into the micropatterned zeolite or because
the X-ray diffractograms of silicalite-1 and ZSM-5 are rather similar. 70

It can be noted that the 26 range of figure 41 & 42 was not large enough to measure all
ZSM-5 reflections such as the <101> reflection at 26=7°.7! In order to obtain more
structural information from the XRD patterns, more measurements must be performed
using differently prepared micropatterned model systems.
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Chapter 5 - Conclusion

In this research, the development and fabrication of a micropatterned planar ZSM-5 model
system has been investigated. Several synthesis approaches have been explored based on
previous research regarding zeolite thin film model systems. Through analysis of the
crystallinity and the quality of patterning using optical microscopy, SEM, AFM and XRD,
initial findings have led to advances in the model design and fabrication.

Firstly, spin-coating of an acidic colloidal solution consisting of the precursor to fabricate
SBA-15 has led to a better understanding of the sol-gel chemistry as well as the spin-
coating process. For high amounts of added catalyst HCI (TEOS:HCI > 50), gelation of the
sol occurs rapidly and the highest quality of patterning has been found after 5 min. till 30
min whereas for lower amounts (TEOS:HCI < 50) better micropatterning has been
achieved after a gelation time of over 1 hour. Spin-coating settings have been explored
and the best micropatterning has occurred at a rotation speed of 3000 rpm for 30 seconds.
Spin-coating of an acidic colloidal has proven to be hard to predict and led to irreproducible
results possibly caused by minor differences in colloidal composition, degree of gelation
and spin-coating conditions. For this reason, combined with the increased labour demand
of a multi-step process involving the recrystallization of SBA-15 to ZSM-5, other synthesis
methods have been explored.

Secondly, direct-dipping hydrothermal synthesis of alkaline ZSM-5 synthesis gel has
provided a facile method to fabricate a micropatterned model system. Investigation of the
synthesis gel composition has resulted in excellent micropatterning at high Si/Al ratios and
a decrease in quality of patterning when the aluminium content was increased.
Hydrothermal synthesis of solutions containing Si/Al<40 has resulted in both overgrowth
of crystals outside the patterned regions which can be attributed to the nature of aluminate
to favour nucleation as well as a decrease of patterned islands which is due to its disrupting
nature in zeolite crystallization. Moreover, the influence of the substrate has been
investigated by preparing several silicon based substrates. It has been found that silicon
substrates coated with SisN4 or SiO2 result in high quality of micropatterning while uncoated
Si <100> results in degradation of the substrate which can be attributed to its high
participation in the crystallization reaction.

Thirdly, spin-coating of ZSM-5 precursor solutions followed by steam-assisted
hydrothermal step has led to zeolite micropatterns with high control over the quality of
patterning. Previously acquired spin-coating knowledge has been applied and the spin-
coating procedure has been adapted by addition of alcohols to the solution to facilitate
homogenous spreading over the substrate. The influence of the addition of water in the
hydrothermal step has been investigate; between 100 and 200 pl H20 needs to be added
to alkaline spin-coated wafers to favour complete crystallization. In order to facilitate
solving of aluminium source and sequential incorporation of aluminium in the
micropatterned islands, neutral ZSM-5 precursor solutions have been spin-coated. The
amount of necessary added base in the hydrothermal step has been explored but has not
resulted in a procedure leading to crystallization yet.
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Finally, microinjection of ZSM-5 precursor solution onto transparent substrates followed by
steam-assisted hydrothermal step has resulted in zeolite micropatterns with high control
over the composition of individual islands. Preparation of the substrate involving
micropatterning of alternating hydrophobic and hydrophilic areas has led to an ordered
grid of circular microinjected islands (@ = 40ul) in exchange for loss over islands size and
shape. Manual microinjection of patterns of multiple precursor solutions on the substrate
has offered promising applications in high-throughput screening & catalytic testing.
Microinjection of neutral ZSM-5 precursor solution followed by hydrothermal synthesis
involving a base has not yet resulted in crystallization of zeolite material.

An overview of the different synthesis approaches for a micropatterned ZSM-5 thin film
model system and their advantages and challenges shown in table 2.

Table 2: Overview of methods to synthesize micropatterned zeolite model system

Synthesis method Advantages Drawbacks

Spin-coating of acidic colloidal High control over gelation

solution precursor solution step synthesis

Low reproducibility & multi-

Direct-dipping hydrothermal Facile synthesis Random crystal growth

synthesis

Spin-coating of an alkaline ZSM-
5 precursor solution

High control over quality of
micropatterning

Undissolved aluminium not
incorporated in islands

Spin-coating of an alkaline ZSM-
5 precursor solution

High control over quality of
micropatterning

Precursor islands not
converted into zeolite during
hydrothermal synthesis

Microinjection of an alkaline &
neutral ZSM-5 precursor
solution

High control over
composition individual
islands on same model
system

Labour-intensive method &
islands not converted into
zeolite during hydrothermal
synthesis
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Chapter 6 — Outlook

In this research, each approach of fabricating a model system has resulted in a better
understanding of the chemical processes involved and more insight into the fabrication of
the ideal micropatterned ZSM-5 thin film model system. However, this ideal model system
has not been fabricated yet since the crystallization of microinjected micropatterns of
neutral ZSM-5 precursor solution into ZSM-5 has not been realized nor optimised yet.
Further experiments using different bases or different quantities may provide insight into
the feasibility of this method.

Besides the characterization techniques which have been used, there are a number of
additional techniques that could validate the synthesis of zeolite material and measure its
composition. To start with, the aluminium content of the zeolite material can be measured
through ammonia temperature programmed desorption (NH3-TPD). This technique is
widely used to characterize and measure the quantity of acid sites on oxide surfaces, like
zeolites. Since the density of Brgnsted acid site corresponds to the framework aluminium
content, its incorporation in the micropatterned zeolite films can be validated. 72

Additionally, the aluminium content can be measured through solid state nuclear magnetic
resonance (>’Al-MAS-NMR). This technique measures the resonance caused by anisotropic
interactions arising from the presence of aluminium nuclei. As a result, the local structure
and the coordination of the aluminium species can be measured 73.

Another technique which can be used to measure the presence of aluminium in the
synthesized zeolite species is through energy-dispersive spectroscopy (EDS). In EDS,
excitation of the zeolite material results in electromagnetic emission which is unique for
specific elements. EDS measurements of the synthesized model systems can provide a
quick test of the presence and distribution of aluminium?4.

Not only can the aluminium source be varied but also the silica source leading to different
zeolite characteristics. Even though TEOS has been widely researched, alternatives can be
used in ZSM-5 synthesis. For example, the use of silica derived from low-grade industrial-
processes as flotation tailings.

Next to alternative characterization techniques that could elucidate on the chemical
composition of the synthesized micropatterned zeolite thin films, information can be
gathered through catalytic testing of the model system. Since future applications of the
zeolite films involve catalysis of several industrial processes, the presence of ZSM-5 can
be tested by catalytic conversion such as methanol-to-olefins. An MTO set-up can be used
with online mass spectrometer and operando UV-VIS measurements to measure the
formed products during the reaction. Initial experiments have not resulted in an indication
of the presence of coke-species which could mean that the conversion is not occurring or
very slowly. This could potentially be caused by incorrect activation of the micropatterned
zeolite thin film through incomplete ion-exchange of Na-ZSM-5 to NH4-ZSM-5 or
subsequent conversion to H-ZSM-5.

Another promising experiment to test the catalytic activity of ZSM-5 is the oligomerization
of styrene”>. During this reaction, dimeric and trimeric oligomers are formed which exhibit
luminescent activity. These oligomers exhibit infrared activity, absorption and fluorescence
which can be measured using infrared spectroscopy, UV-VIS-absorption spectroscopy and
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confocal fluorescence microscopy. Confocal fluorescence microscopy measurements of the
oligomerization of 4-fluorostyrene exhibit strong emission characteristic peaks which could
be used to test the activity of the synthesized zeolite.”® Initial analysis shows promising
results indicating catalytic activity on a few islands of the micropatterned zeolite thin film
model synthesized with direct-dipping hydrothermal synthesis (Figure 43). More research
is required to improve mapping of catalytic activity by correcting for the background laser
signal as well as measuring fluorescence at different focal planes.

Figure 43: CFM image of a zeolite model system on a SizN4
coated Si wafer after 2 h of oligomerization of 4-
fluorostyrene at 423 K. Synthesized via direct-dipping
hydrothermal synthesis. (12 h, 393 K, Si/Al= 200)

The oligomerization of 4-fluorostyrene can also be examined using UV-VIS-absorption
spectroscopy, which is used to monitor the formation of carbocationic reaction
intermediates.”” This reaction can be monitored both in situ and ex situ using UV-VIS
spectroscopy and provides information of the Brgnsted acidity of the synthesised zeolite
which correlates with the activity. Furthermore, analysis of the formed products provides
information on the spatial morphology and microporous structure of the zeolite.

Another technique which can be used to measure the catalytic activity of the synthesized
micropatterned zeolite films for the oligomerization of 4-fluorostyrene is infrared
spectroscopy.”’> Comparison of IR spectra on zeolite islands, wafer background and zeolite
which has remained unexposed to 4-fluorostyrene can be used to test the activity of the
Additionally, IR mapping can provide an overview of the activity of the micropatterned
zeolite film which will be valuable in high-throughput screening tests, especially when the
micropatterned film has been synthesized using the microinjection method.
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Finally, investigation of thin film zeolite model systems can provide elucidation on the
limitations and observations of micropatterned thin film models. When similar colloidal
solutions and synthesis gels are used on substrates which were not micropatterned before
reaction, the difference between a homogeneous film and individual micropatterned islands
can be measured in terms of morphology, thickness, catalytic activity and more.
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Chapter 9 — Appendices

9.1 Appendix A: Results Spin-coating of SBA-15 precursor under
acidic conditions

The initial colloidal solution contains the molar ratio of TEOS:H>0:EtOH:HCI:P123 =1 : 15.1 : 38.1
: 0.16 : 0.01 . The composition of the colloidal solution has been altered by changing the water to
ethanol ratio, the amount of catalytic HCI and the amount of organic template.

The water to ethanol ratio has been examined in order to change the viscosity of the colloidal
solution and also influence its affinity to the wafer with as goal to successfully spin-coat a
micropattern of SBA-15 precursor on the prepared substrate. The ratios that have been examined
are shown in table 3. Bold marked numbers show ethanol/water ratios that have led to (partial)
successfully spin-coated wafers.

Table 3: Ethanol / water molar ratio

oo (no H>0) 1.7
3.8 1.6
3.2 1.0
2.6 0.6
2.5 (literature) 0.3

There is no trend in the ethanol to water ratio and the degree of spin-coating of the sample. This
was mostly influenced by the other parameters such as the catalyst concentration and the gelation
time.

Table 4: Ratio of HCl added / HCI added in literature
0.4 8.0
1.0 (literature) 12
3.2 28
6.4 32

A trend has been found which states that the gelation rate increases upon increasing the catalyst
concentration.
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9.2 Appendix B: Influence preparation of substrate in direct-
dipping hydrothermal synthesis

The hydroxylation step has been investigated by altering the H20:H202:NH3 volume ratio
and reaction duration and comparing the degree and quality of resulting micropatterned
thin films in spin-coating and direct-dipping hydrothermal synthesis.

The following volume ratio of H20:H202:NH3= 5:1:1 has been investigated for 20, 30 & 45
min and volume ratio H20:H202:NH3= 0:1:1 for 10 minutes. No significant differences have
been found.

Another step in the preparation of substrates which has been investigated is the application
of an alkylsilane onto the hydroxylated surface under inert atmosphere. Octadecyl-
trichlorosilane (ODTS) and octadecyl-trimethoxysilane (OTMS) have been investigated.
Since OTMS is less reactive than ODTS, the solution has been refluxed to ensure formation
of a monolayer onto the prepared substrate. No significant differences in patterning have
been found between the two preparation methods.

9.3 Appendix C: AFM tip testing

AFM has been used to investigate the crystalline properties of the synthesized model
systems including the island height, distribution and roughness as well as the morphology
of the zeolite material including presence of porosity. Since AFM tips are able to analyse a
surface with atomic scale precision, they are prone to contamination or deterioration.
Because of the high strength and durability of zeolite phases, they are able to readily cause
damage or contaminate the AFM tip during measurements.

In order to utilize the best AFM tip for the measurement of synthesized zeolite material, a
variety of AFM tips have been tested on a crystalline micropattern. The following tips have
been tested by measuring AFM in tapping mode of micropatterned zeolite model
synthesized using the method of spin-coating an alkaline ZSM-5 precursor solution:

DP15, HA_NC side a & b & NSC_14
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Figure 44: AFM images of a zeolite micropatterned film (Si/Al=20) synthesized using
spin-coating of alkaline solution followed by hydrothermal step (3d, 423 K, 40ul H0,
SiO; coated wafer using a DP15 tip.
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Figure 45: AFM images of zeolite micropattern using A) HA_NC side a tip, B) HA_NC side b, C)
NSC_14

Figure 44 shows the optical image and AFM image of micropatterned zeolite islands
synthesized using the spin-coating of an alkaline solution method followed by hydrothermal
treatment (3d, 423 K, 100 ul H20). The AFM image shows a hemispherical island with small
crystalline particles protruding from the surface.

The same sample (different areas) has been analysed with AFM using different tips or
probes shown in figure 45. The resultant island height range from 1.76 ym to 3.25 uym
which is feasible since the patterning is not equal for the entire surface the substrate.
However, in figure 45, strangely shaped objects have been observed present on the entire
surface. These artifacts have most likely been caused by a damage tip, as explained by
figure 46.

1\

Figure 46: Schematic image of the signal of a damaged AFM tip scanning a surface

Even though the AFM tip DP15 appears to be the best fit to measure micropatterned zeolite
thin film models, crashes of the tip have also occurred and careful handling is necessary
for each tip.
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